The aim of this study was to investigate the effect of supplementation of Cordyceps militaris fermentation products (CMF) on growth performance and immunocompetence of piglets. The study involved three groups of animals, which were supplemented with CMF (500, 1000 and 1500 μg/kg feed), and a control group. CMF supplementation significantly increased growth performance in weaned piglets. Bodyweight gain, average daily gain and feed intake in animals supplemented with 1000 µg CMF/kg feed were significantly higher in comparison with the control group. In addition, CMF supplementation only significantly increased the synthesis of Th1 cytokines, as indicated by the levels of IL-2 and IFN-γ. The piglets fed with the CMF supplement displayed an increased cellular immune response. Indeed, alveolar macrophages isolated from piglets supplemented with 1000 and 1500 µg CMF/kg feed had significantly higher chemotactic and phagocytic indices than those isolated from piglets that received the control feed or feed supplemented with 500 µg CMF/kg. In relation to the absence of effect on Th2 cytokines, the CMF supplement had no effect on hog cholera antibody titre. In summary, feed supplementation with CMF improves growth performance and enhances cell-mediated immunity. CMF supplementation may thus be useful at weaning to counteract physiological and immunological stress during this period. ______________________________________________________________________________________
Introduction
Cordyceps militaris is a well-known Chinese medicinal fungus that has been used for a long time as a nutraceutical food in Korea, China and Japan. These entomopathogenic fungi have a wide spectrum of pharmacological activities (Ng & Wang, 2005) . It shows antioxidant, anti-inflammatory, antitumor, antiociceptive, antifibrotic and antiangiogenic activities (Ng & Wang, 2005) , and immunopotentiation properties (Kuoet al., 2007) . C. militaris was reported to improve insulin resistance and insulin secretion (Cheng et al., 2012) . This medicinal fungus was used traditionally to cure hyposexuality and hyperlipidemia (Huang et al., 2004; Guo et al., 2010) , and to treat asthma and lung inflammation (Wang et al., 2007) . In turn, C. militaris is known to demonstrate antiviral activity (Jiang et al., 2011) . The medical potential of metabolites of C. militaris has been reviewed and discussed comprehensively in the past (Das et al., 2011; Tuli et al., 2013) .
Cordycepin is the major active secondary metabolite of C. militaris. This nucleoside analogue displays antimicrobial and antitumor activities (Ahn et al., 2000; Nakamura et al., 2006) and modulates cytokine secretion of human peripheral blood lymphocytes (Zhou et al., 2002) . At molecular level, cordycepin regulates the expression of cycloxygenase-2, inducible nitric oxide synthase and TNF-α (Kimet al., 2006) . Therefore, when used as a food additive, it may affect the immune system in particular (Das et al., 2011; Tuli et al., 2013) . The aim of this study was to evaluate the effects of CMF supplementation in feeds on the growth performance, immunocompetence and cytokine expression of weaned piglets.
Materials and Methods
The mycelium of C. militaris (BCRC 32219) was grown in a jar fermenter containing 250 g wheat medium, which contained 0.1% CaCO 3 , 0.05% MgSO 4 , 0.1% NaH 2 PO 4 , 50% H 2 O, 0.05% KH 2 PO 4 and 1% glucose cultivated at 22 ºC for 14 days. The cordycepin content in the fermentative products was assessed with high-performance liquid chromatography (Chang et al., 2005) . Briefly, after filtration, samples were subjected to cordycepin analysis via SPD-10A HPLC (Shimadzu, Japan) with a pre-packed LiChrospher 100 RP-18 column (Merck, Darmstadt, Germany). The mobile phase was a mixture of methanol and 0.02 M KH 2 PO 4 (15:85). Elution was performed at a flow rate of 1 mL/min and determined with a variable-wavelength UV detector (10A VP, Shimadzu, Tokyo, Japan) at 254 nm. The cordycepin content of the CMF supplement in this experiment was 5.09 mg/g.
A total of 144 three-week-old cross-bred (Landrace × Yorkshire × Duroc) weanling piglets (mean = 6 kg) was randomly allocated to four treatment groups (n = 36 per group): a control group and three groups supplemented with 500, 1000 and 1500 µg CMF per kg basal diet. The basal diet is given in Table 1 . Water and feed were provided ad libitum throughout the entire experimental period of four weeks. The animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals (National I-Lan University, May/20/2013). Bodyweights were determined at weaning and at the end of the experiment. Feed intake per pen was calculated at weekly intervals. At the end of the experiment, the pigs were killed by electrical stunning, coupled with exsanguination, and blood was collected and centrifuged to harvest serum for biochemistry and antibody measurement. The spleen was cut into 2 -3 mm fragments, snap frozen in liquid nitrogen, and stored at -80 ºC until the cytokine expression assays were performed. To evaluate the effects of CMF supplement on specific immune response, pigs were injected subcutaneously with one dose of 2 mL hog cholera vaccine (Taiwan biopharmaceutical company, Kaoshiung, Taiwan.) at weaning, and received a booster two weeks later. Blood samples were taken on day 28 from 12 randomly selected pigs from each treatment group.
The hog cholera antibody titres were measured with ELISA (IDEXX, Westbrook, Maine, USA) and the data were expressed as log 2 titre. For blood biochemistry, blood from nine pigs per treatment was collected and centrifuged at 2600 g for 10 min. The sera were collected to determine creatinine, aspartate glucose, cholesterol and triglycerides concentrations, and aminotransferase (AST, EC 2.6.1.1) and alanine aminotransferase (ALT, EC 2.6.1.2) activity, using an automatic clinical chemistry analyser (Roche Cobas Mira Plus, Roche Diagnostic Systems, Inc., USA). An extraction of total RNA from spleen tissue was performed using an Ultraspec extraction kit (Biotex, Houston, Texas, USA), followed by reverse transcription of RNA. Primer pairs used for specific amplifications of cDNA of various cytokines have been described previously (Oswald et al., 2001) . The PCR products were submitted to electrophoresis in 1% agarose gel containing ethidium bromide and analysed by real-time image capture for quantitative analysis with an internal control of cyclophilin. Primer sequences and numbers of PCR cycles used for the amplification are summarized in Table 2 . Alveolar macrophages were collected from the pigs by bronchial alveolar lavage with phosphate-buffered saline. The Boyden chamber technique was applied to measure the chemotaxis function of alveolar macrophages as described by Cheng et al. (2006) . Chemotaxis was expressed as a chemotactic index, which was calculated by dividing the value for chemo-attracted macrophages by the value for randomly migrated macrophages in the negative (normal saline) control.
To investigate phagocytic activity, the alveolar macrophage coverslip cultures were incubated for 60 min in complete medium with the addition of 2 mL Candida albicans suspension (1 x 10 7 /mL). After that, the coverslips were washed with sterile saline, fixed in methanol and stained with May-Grunwald-Giemsa stain. Phagocytosis was expressed as a phagocytic index, which was calculated by dividing the number of macrophage with a phagocytic activity over the total number of macrophages. The average number of internalized C. albicans per macrophage was also determined. These quantifications were done on stained coverslip under a microscope at 1000x magnification. Six pigs in each treatment were analysed. A total of 200 macrophages were scored per coverslip.
The results were expressed as the percentage subjected to logarithmic transformation prior to analysis of variance. Statistical significance among the four groups was determined by one-way analysis of variance. Duncan's new multiple range test was used to evaluate differences between means (SAS Institute, Cary, NC, USA). P-values of <0.05 were considered statistically significant.
Results
The effects of supplementation of C. militaris fermentation products were first analysed on growth performance of weanling pigs (Table 3 ). The data showed that the various concentrations of CMF supplement significantly increased total and average bodyweight gains (P <0.05). The bodyweight gain was increased in animals receiving the feed supplemented with 1000 or 1500 µg CMF. The feed intake of piglets was also enhanced by 8.3% and 7.1% in the animal groups receiving the highest CMF supplementation (1000 and 1500 µg/kg feed, respectively). The feed conversion ratio responded in a quadratic manner. When supplemented with 500 and 1000 µg CMF/kg feed, animals had significantly lower feed conversion ratios than those receiving control feed or feed supplemented with 1500 µg CMF/kg.
The blood samples collected at the end of the experiment were used to analyse the effect of CMF supplementation on serum biochemistry. As shown in Table 4, no effect on creatinine and cholesterol levels appeared as a result of CMF ingestion. By contrast, consumption of CMF significantly reduced AST and ALT activities and glucose and triglycerides concentrations in serum.
Table 3 Effects of Cordyceps militaris fermentation products (CMF) on growth performance of weanling piglets
Results are expressed as means ± SD (n = 36 pigs per group); Different superscripts within rows indicate statistically significant differences (P <0.05).
Table 4 Effects of Cordyceps militaris fermentation products (CMF) on blood biochemical determinations of weanling piglets
Results are expressed as means ± SD (n = 9 randomly selected pigs per group); Different superscripts within rows indicate statistically significant differences (P <0.05).
The ability of CMF to modulate the cytokine expression at transcriptional level was then investigated on spleen samples from six randomly selected pigs per group. The synthesis of Th1 cytokines (IL-2 and IFN-γ) and Th2 cytokines (IL-4 and IL-10) was measured by RT-PCR. The mRNA synthesis of Th2 cytokines was modified slightly by supplementation with CMF (Figure 1) . By contrast, ingestion of diet supplemented with CMF significantly altered the synthesis of the mRNA encoding for Th1 cytokines in the spleen. For example, the expressions of IL-2 and IFN-γ were increased 3.9 and 5.0 fold, respectively, in the spleen of pigs from the 1500 µg/kg CMF supplemented group compared with the spleen of pigs from the control group (Figure 1) .
Spleen samples were collected after euthanasia and assayed for expression of IL-2, IFN-γ, IL-4 and IL-10 by RT-PCR. Quantification of the relative cytokine mRNA levels for each sample is expressed in arbitrary units (AU) as the ratio between the cytokine specific RT-PCR product and the corresponding cyclophilin band intensity (mean ± SEM of six animals per group). Statistical analysis was performed to compare cytokine mRNA expression in the control and CMF-treated animals. Different letters above the bars indicate statistically significant differences between the groups (P <0.05).
Because of the effect of CMF on the Th1/Th2 cytokine balance, it was of interest to investigate the consequence of the ingestion of the CMF supplemented diet on cellular and humoral immune response. Therefore, the functional profile of alveolar macrophages isolated from piglets fed the various diets was determined. As indicated in Table 5 , CMF supplementation enhanced the chemotaxis and the phagocytosis of macrophages. Macrophages from animals receiving the diet supplemented with 1000 and 1500 µg CMF/kg feed demonstrated that the chemotactic indices increased by 2.1 and 2.2 fold, respectively, when compared Different letters within histogram indicate statistically significant differences (P <0.05).
Table 5 Effects of Cordyceps militaris fermentation products (CMF) on the functional profile of alveolar macrophages in weanling piglets
Results are expressed as means ± SD (n = 6 randomly selected pigs per group group); Different superscripts within rows indicate statistically significant differences (P <0.05).
To investigate the influence of CMF on the humoral immune response, the control and the CMF-treated piglets were immunized with a commercial hog cholera vaccine. Antibody levels were measured with ELISA after the second injection in 12 animals per treatment. The data indicate no significant difference among animals receiving the treatments. The antibody titres, expressed as log 2 , were 25.2 ± 14.2, 25.1 ± 13.8, 26.4 ± 10.2 and 24.8 ± 11.3 in animals from the control group and the groups receiving feed supplemented with 500, 1000, and 1500 µg CMF/kg, respectively.
Discussion
A cordycepin produced by C. militaris during fermentation has high potential as an immune modulator in the animal feed industry. In the current study it was demonstrated that the supplementation of CMF enhances growth performance and increases the cell-mediated immune response of pigs.
In the present experiment, the authors used a crude fermentative extract of C. militaris containing a high amount of cordycepin. Cordycepin is not commercially available, and the authors anticipate that purification of this compound would be too expensive for it to be used as a feed additive. Using similar extract, Lin et al. (2007) observed that CMF improved the sperm production in sub-fertile boars. In the current study, the data demonstrated that CMF increases bodyweight gain of piglets and decreases their feed conversion ratio. The underlying mechanism has not been elucidated, but several hypotheses can be proposed. Firstly, CMF may have an anabolic activity. Indeed, Cordyceps sp. has been shown to significantly increase serum testosterone levels in mice (Huang et al., 2004) . Secondly, cordyceps extract may act on microbial flora. Previous studies have reported that supplementation of chickens with cordyceps extract resulted in a decrease in the populations of Salmonella sp. and E. coli, and an increase in Lactobacillus sp. in the small intestine (Koh et al., 2003) . CMF also demonstrated a potent growth-inhibiting activity toward some pathogenic intestinal bacteria such as Clostridium spp., without adverse effects on the growth of Bifidobacteria and Lactobacilli, suggesting that cordycepin is a selective growth inhibitor of luminal microflora (Ahn et al., 2000) . Third, the immuno-stimulatory effect of CMF may account at least partially for the increased performance of the animals. Indeed, domestic animals selected for higher immune response display better zootechnical performance (Wilkie & Mallard, 1999) . A biochemical analysis of the piglet sera demonstrated that CMF extract was not harmful to the animals. The low blood glucose and triglycerides levels observed in piglets receiving the feed supplemented with the highest dose of CMF suggest that CMF might be beneficial to humans that suffer from hyperglycaemia or hypertriglycemia, as suggested by other studies (Lo et al., 2006) .
The main outcome of this study is that CMF acts on the immune system, especially on the Th1/Th2 balance. CD4+ T cells are broadly divided into two subsets, based on the cytokines they secrete, namely Th1 (IL-2 and IFN-γ) and Th2 (IL-4 and IL-10) (Zhou et al., 2009) . The development of these T cell subsets is particularly relevant in response to the development of protective immunity to many pathogens (Williams et al., 1995) . In the current study the authors observed that the different doses of CMF increased expression of IL-2 and IFN-γ (Th1 cytokines). Th1 cytokines are implicated in the development of the cellular immune response and macrophage activation (Williams et al., 1995; Ma et al., 2003) . The authors therefore postulated that the increase of IL-2 and IFN-γ induced by the CMF supplement may increase the cellular immune response. To validate this hypothesis, the chemotaxis and phagocythosis of macrophages were measured. A prolonged exposure (28 days) to feed supplemented with 1000 or 1500 μg CMF/kg induced a significant increase of the ability of alveolar macrophages to phagocyte Candida albicans.
In agreement with the present study, increased phagocytosis and H 2 O 2 production was observed in macrophages isolated from mice fed a fermentative extract of another species of Cordyceps (Kuoet al., 2007) . In this experiment, the increased cellular response was also associated with an increased expression of Th1 cytokines as measured by the elevated levels of IL-1, IL-6, IL-10 and TNF-α. An increased production of inflammatory cytokines was also observed in mice fed with various preparations of C. militaris and C. sinensis (Sheng et al., 2010; Shin et al., 2010) and in cell lines exposed to these extracts (Han et al., 2010; Meng et al., 2014) . Macrophages are key participants in the innate immune system's ability to respond to the invasion of pathogenic organisms. It has been observed that another medicinal fungi, Ganoderma lucidum, was able to increase macrophage chemotaxis ability in pigs (Chen et al., 2008) .
This study showed that the CMF supplementation does not modulate antibody titres. These results are correlated with the moderate effect of CMF on the expression of Th2 cytokines. Two separate studies have demonstrated that mycelial extract of C. shecocephala and water extract C. miltensis, decrease the Th2 response in mice. In these studies, the decreased synthesis of IL4, IL-10 and IL-13 was associated with anti-asthmatic activity (Heo et al., 2010) and a decrease in IgE synthesis (Park et al., 2008) . In contrast, Koh et al. (2003) , using a hot-water extract of C. sinensis, observed increased antibody titre to Newcastle Disease virus in broiler chicks. The fungal strain, the type of extract and the animal species may explain the different results obtained in the various studies.
Conclusions
Feed supplementation with products of fermentation of Cordyceps militaris improves growth performance of piglets significantly, and enhances cell-mediated immunity. CMF supplementation, at least at 1000 μg/kg, may thus be useful at weaning to counteract physiological and immunological stress during this period.
